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Porous hollow nanospheres (or spherical shells) made of NiO nanosheets are synthesized and tested for
the electrochemical performance of the electrodes made of these materials for supercapacitors. Prepa-
ration of the NiO sheet hollow spheres starts with synthesis of polystyrene nanospheres with carboxyl
groups (CPS), followed by a two-step activation procedure and the subsequent nucleation and growth by
electroless deposition of Ni on the CPS core to obtain CPS@Ni coreeshell nanoparticles. The CPS core is
eliminated and metallic Ni nanoshell is converted into NiO by calcinations at high temperatures. The
material properties of as-prepared hollow NiO nanospheres are characterized by TEM, XRD and N2-ab-
sorption measurements. The electrochemical characteristics of the electrodes made of these nano-
structured NiO materials are determined by the CV and galvanostatic measurements. These
electrochemical tests indicate that electrodes made of the NiO nanosheet hollow spheres exhibit an
improved reversible capacitance of 600 F g1 after 1000 cycles at a high current density of 10 A g1. It is
believed that the good electrochemical performance of these electrodes is attributed to the improved OH
 transport in the porous network structures associated with the hollow spheres of randomly oriented
NiO nanosheets.
 2014 Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
As emerging energy storage devices, electrochemical super-
capacitors have attracted much attention, because of their super
energy storage characteristics, such as the high power density, long
lifecycle, low maintenance cost, broader working temperature andonequilibrium Synthesis and
i'an Jiaotong University, Xi'an
), benqli@umich.edu (B.Q. Li).
ess under CC BY-NC-ND license.shorter charging time [1,2]. These devices are often used as power
storage sources to meet the energy needs for high power applica-
tions such as electric vehicles, memory back-up and aerospace
equipment. Supercapacitors in general are classiﬁed as electric
double-layer capacitors and pseudocapacitors. The former stores
the energy by building up electric charges at the two sides of an
electric double layer, while the latter (i.e. pseudocapacitors) is
based on the fast, reversible redox reactions at the electrode/elec-
trolyte interface to achieve high power storage.
Metal oxides [3e12] and conducting polymers [13,14], have
been explored recently for pseudocapacitor applications. Among
the materials studied, nickel oxides represent a promising choice,
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environmental compatibility [15]. Practical use of nickel oxide
supercapacitors, however, has been hindered by some geometric
and electrical factors that impede the electronic and ion transport
during power cycling. Energy storage capacity of supercapacitors is
affected by various properties of the electrodes, such as porous
network, speciﬁc surface area, morphology and electrical conduc-
tivity. A viable approach for improved electrical capacitance is to
construct the electrode from nanostructured materials. The re-
ported capacitance of the electrodes made of nanostructured NiO
materials has reached a value of 128e405 F g1 [16e19]. Though
impressive, this is still far from the theoretical value of 2573 F g1
[18], suggesting the low electrochemical utilization of nickel oxide
materials.
The speciﬁc capacitance of a NiO electrode hinges strongly on
the proper pore structures in the electrode to ensure good me-
chanical and electric contact for high power density during
charging/discharging operations. Through years of research,
nanotechnology has now advanced to the state at which porous
nanostructure network may be designed and engineered for better
pseudocapacitive performance. Indeed, different synthesis pro-
cedures have been reported for nanostructured materials for
supercapacitors, including electrodeposition [11], the anodically
potentiostatic deposition [20], chemical deposition [21], wet-
chemistry route [22], and solvothermal method [23]. Structures of
0D to 3D have been successfully synthesized, including nano-
particles (0D) [24], nanotubes, nanorings, nanowires and nanorods
(1D) [11,25e28], nanosheets (2D) [12,29], and nanosheets arrays
grown on substrates (3D) [19]. Electrodes made of these nano-
structured materials have met with different degrees of success.
This paper presents a study on the synthesis and electro-
chemical characteristics of porous hollow nanospheres (or spher-
ical shell) of NiO nanosheets as electrode for supercapacitors. Since
fast electron and ion transport in the electrode are essential for a
desired electrochemical performance, a nanostructured porous
spherical shell should possess a larger speciﬁc surface area than
either a solid sphere or a solid spherical shell, and hence permits
better mechanical and electrical contact with electrolytes for
improved electron and ion transport. The porous hollow spheres,
whose porous structure is formed by randomly organized ultrathin
NiO nanosheet network, are produced by ﬁrst synthesizing a
CPS@Ni coreeshell nanostructure with a CPS (polystyrene with
carboxyl groups) template, followed by high-temperature oxida-
tion to remove the CPS core. The nanostructured porous hollowNiO
spheres so obtained appear to have a proper porosity with a high
speciﬁc surface area for good pseudocapacitive behavior. Electro-
chemical tests were performed on the electrodes made of the
porous hollow spheres structured with a NiO nanosheet network.
The porous NiO spherical shell nanostructure formed by loosely
cross-linked ultrathin nanosheets is beneﬁt to the sufﬁcient elec-
trochemical accessibility of electrolyte to the electroactive sites for
Faradaic energy storage, resulting in more efﬁcient ion transport
and probably improved capacity for ion storage as well. One addi-
tional advantage of this nanostructure is that the stress, originating
from redox process, could be effectively relieved by interspaces
between the nanosheets, thereby ameliorating the chargee
discharge cycling performance [5,17,30,31].
2. Experimental section
2.1. Materials
Acrylic acid (Tianjin Fu Chen Chemical Reagents Factory, 98%),
ammonium persulfate (APS, Tianjin Sheng Ao Chemical Reagent
Co., LTD, 98%), stannous chloride (Aladdin Chemistry Co. Ltd, 98%),palladium chloride (Aladdin Chemistry Co. Ltd), nickel chloride
(Aladdin Chemistry Co. Ltd, 99%), hydrochloride acid (Beijing
Chemical works, 36%e38%), sodium hypophosphite (Tianjin Tian Li
Chemical Reagent Co., LTD, 99%), ammonium chloride (Tianjin Tian
Li Chemical Reagent Co., LTD, 99.5%), basic alumina (Aladdin
Chemistry Co. Ltd), trisodium citrate dehydrate (Tianjin Tian Li
Chemical Reagent Co., LTD, 99%) and ammonium solution (Tianjin
Fu Yu Fine Chemical Co., LTD, 25%e28%) were all analytical reagent
and used as received without any further puriﬁcation. Styrene
(analytical reagents, Tianjin Fu Chen Chemical Reagents Factory,
China, 98%) was ﬁltered through basic alumina powder. Deionized
water was used as the solvent in all experiments.
2.2. Preparation of polystyrene nanospheres with carboxyl groups
The CPS (polystyrene with carboxyl groups) nanospheres were
prepared by emulsiﬁer-free emulsion polymerization reported
elsewhere [32]. A volume of 6 ml Styrene monomer was charged in
three-neck reaction vessel containing 200 ml deionized water. Af-
ter sealed in a nitrogen atmosphere, 0.6 ml divinyl benzene and
1.6 ml of 0.24 M ammonium hydroxide were added. Then, the
reactor was submerged in an oil bath. The temperature was
increased to 70 C for the decomposition of initiator, and then
2.5 ml of 0.17 M acrylic acid and 12.5 ml of 37 mM potassium
persulfate solution were injected. The reactionwas left to reﬂux for
8 h. The mixture was allowed to cool and repeatedly washed with
water by centrifugation. At last, the resulting CPS nanospheres were
dried at 30 C for further use. The CPS nanospheres so obtained are
negatively charged when dissolved into solution.
2.3. Preparation of NiO nanosheet hollow spheres
The CPS (50mg) nanospheres as prepared above were dispersed
into the solution of SnCl2 (0.1 M) for 40 min at ambient atmosphere
[33]. The mixture was centrifuged to remove redundant Sn2þ and
redispersed in deionized water. The Sn2þ-sensitized PS nano-
spheres were dipped into a palladium chloride and hydrochloride
acid (30 mM) for 30 min at 60 C, resulting in Pd-decorated CPS
nanospheres. Then the nanospheres were washed by repeated
centrifuging and redispersing using deionized water. The washed
particles were dispersed in 30 ml deionized water, into which were
added 10 ml of the electroless deposition solution (0.126 M
NiCl2$6H2O, 0.188 M NaH2PO2$H2O, 0.93 M NH4Cl and 0.17 M
Na3C6H5O7$2H2O) [34]. The pH value of the plating solution was
adjusted to be 8.25  0.05 by adding ammonium hydroxide buffer
solution. The electroless plating reaction was allowed to continue
for 1 h at 65 C. The product was collected via centrifugation and
washed for three cycles of centrifugationeredispersion. The as-
prepared CPS@Ni coreeshell composite spheres were converted
into NiO hollow spheres by calcination at 400 C for 4 h in air at a
ramping rate of 2 C min1.
2.4. Materials characterization
X-ray powder diffraction (XRD; SHIMADZU, Lab X XRD-6000)
patterns were recorded on a Bruker D8 ADVANCE X-ray diffrac-
tometer at a scan rate of 0.05 s1 with the 2q range from 20 to 90,
using Cu Ka radiation. The morphology and the structure of the
samples were characterized using a transmission electron micro-
scope (TEM; JEOL, JEM-2100, 200 kV). The composites’ Brunauer,
Emmett, and Teller (BET; Quantachrome, ASAP 2020/2000) speciﬁc
surface areas, BarretteJoynereHalender (BJH) pore volume, and
BJH pore-size distribution were obtained from the N2-adsorption/
desorption isotherms recorded at 77 K.
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The working electrode was prepared by mixing 70 wt% of the
active material (NiO hollow spheres), 20 wt% of conducting agent
(carbon black, super-P-Li), and 10 wt% of binder (polyvinylidene
diﬂuoride, PVDF, Aldrich). This mixture was then pressed onto the
glassy carbon electrode (Aida Hengsheng Technology co. Ltd,
Tianjin, China) and dried at 60 C. The electrolyte used was a 2 M
KOH aqueous solution. The electrochemical measurements of the
samples was tested on a CHI 660D electrochemical workstation
with cyclic voltammetry and chronopotentiometry functions using
a three-electrode cell where Pt foil serves as the counter electrode
and a standard calomel electrode (SCE) as the reference electrode.
4. Results and discussion
4.1. Synthesis and material characterization
4.1.1. Synthesis
Fig. 1 illustrates the synthesis steps by which a porous hollow
nanosphere made of ultrathin NiO sheets is fabricated on a tem-
plate of a sacriﬁcial CPS core. The synthesis process involves a two-
step activation of Pd seeds, followed by a reduction of Ni from salt
solution to form a CPS@Ni coreeshell structure and the subsequent
removal of the PS core and oxidation of Ni shell by calcination.
The two-step activation process refers to Sn2þ-sensitization
and Pd-activation. The CPS nanospheres with carboxyl groups
(CPS) ﬁrst were sensitized with Sn2þ absorbed onto the CPS
surfaces by electrostatic interaction. Because the presence of
Sn2þ on the CPS surface imparts a positive charge onto the
nanospheres, the Sn2þ-sensitized CPS nanospheres are well
dispersed in the solution due to electrical repulsion and, at the
same time, active in attracting negatively charged ions. In a
chloride acid aqueous solution, PdCl2 exists in the form of
[Pd(Cl)4]2. Thus, by electrostatic attraction, the [Pd(Cl)4]2 ions
are absorbed onto the surface of the Sn2þ-sensitized CPS nano-
spheres and subsequently reduced to Pd on the surface by Sn2þ,
according to the following red-ox reaction,
Sn2þ þ Pd2þ/ Sn4þ þ Pd (1)
It was observed during the experiment that as the reduction
reaction proceeds, the color of the solution in which the sensitized
CPS spheres are dispersed changes from yellow to brown, indi-
cating the formation of Pd nanoparticles on the surface [35,36].
These metallic Pd nanoparticles act as in-situ catalytic sites for theFig. 1. Scheme for electroless deposition of Ni onto a CPS spsubsequent reduction of nickel from its salt solution. This two-step
activation process, that is, sensitizing by SnCl2 and activation by
PdCl2, has an advantage of avoiding the agglomeration of resulting
products (i.e. CPS@Ni) during electroless nickel plating if excess
catalyst ions or atoms are removed before the Pd-activated CPS
templates are immersed into the plating bath [37].
With the Pd active sites present on the CPS surface, the elec-
troless deposition of nickel starts to occur at the Pd sites according
to the reaction: Pd þ Ni2þ 4 Pd2þ þ Ni. These Ni nanoparticles,
reduced by Pd from the solution, take the sites on the surface that
used to be the Pd sites, and further act as nucleation sites upon
which Ni nanoparticles grow by reducing Ni2þ ions from its salt
solution according to the following reaction,
Ni2þ þ 2H2PO2 þ 2H2O/Niþ 2H2PO3 þH2 þ 2Hþ (2)
This is indicated by the color of the particle solution, which
turned to black within several minutes after electroless plating
starts, accompanied with the formation of H2 bubbles.4.2. TEM characterization
The morphologies of the nanostructured CPS@Ni coreeshell
composite nanospheres and of the porous hollow spheres of NiO
nanosheets, prepared as discussed above, are characterized by TEM
and the results are shown in Fig. 2. The CPS spheres are covered
ultrathin Ni nanosheets that are randomly oriented, creating a
spherical shell of large porosity. The length of nanosheets is on the
order of 50 nm (Fig. 2b, c), measured as the difference between the
radius of CPS sphere and the outer tip of the nanosheets, and the
thickness of nanosheets is about 5 nm (Fig. 2f). Note that the con-
dition used here produces a porous nickel shell made of thin sheets
covering the CPS core. This is in contrast with the reported struc-
tures in literature where the CPS surface was coated with a solid
layer of metallic nickel [38e41]. A porous nanoshell made of cross-
linked thin nanosheets has an advantage of having a signiﬁcantly
larger surface area, which is desirable for supercapacitor
applications.
After calcined in air at 400 C for 4 h, the sacriﬁcial CPS spheres
are removed, and at the meantime, the porous Ni shell is converted
into nickel oxide by oxidation. This process produces the shape-
preserved NiO hollow spheres that are made of cross-linked
nanosheets (see Fig. 2d, e). It is generally accepted that this kind
of porous nanostructures is instrumental in increasing the contact
area of NiO with the electrolyte, thereby permitting faster transport
of electrolyte ions.here and formation of a NiO nanosheet hollow sphere.
Fig. 2. TEM image of CPS(a), CPS@Ni nanoshell (b and c), (d, e and f) NiO hollow sphere.
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The crystal phase of as-prepared NiO samples is analyzed by the
X-ray diffraction (XRD), and the results are shown in Fig. 3. The
identiﬁed diffraction peaks at 37.3, 43.4, 63, 75.5 and 79.5 can
be assigned to (111), (200), (220), (311) and (222) lattice plane of
the NiO. The diffraction peaks at 26 and 34 can be assigned to
(110) and (101) lattice plane of the SnO2. These results conﬁrm that
nickel oxide with a rocksalt structure and stannic oxide with a
rutile structure had formed after calcination where the identiﬁedFig. 3. XRD patterns of NiO sheet hollow spheres.peaks conﬁrm the cubic phase of NiO (JCPDS ﬁle no. 4-835, space
group: Fm3m, a0 ¼ 4.1769 A) and the tetragonal phase of SnO2
(JCPDS card no. 41-1445).
Measurements were also carried out using EDX. The presence of
Pd was not detected. From the measured data of EDX and XRD, the
ratio of SnO2 over NiO was found to be w1/10.4.4. Absorptionedesorption measurements
To characterize the speciﬁc surface area associated with the
porous nanostructures of the as-prepared porous hollow spheres of
NiO nanosheets, nitrogen adsorptionedesorption isotherm experi-
ments were conducted. The absorptionedesorption curves and the
corresponding BarretteJoynereHalenda (BJH) pore size distribution
are shown in Fig. 4. The isotherms are classiﬁed as typeⅢ, due to the
slit shape channel, with a small hysteresis loop [42]. There exists a
distinct hysteresis loop in the range 0.2e0.98 P/P0 for the present
nanostructures. The BrunauereEmmetteTeller (BET) speciﬁc surface
area of the NiO nanosheet hollow sphere sample is 81m2 g1. For the
calculation of pore size distribution, desorption isothermwas adop-
ted. As the NiO hollow spheres are composed of nanosheets, the
shapes of the pores are narrow strips and the pore size distribution is
relatively wide (see Fig. 4b). The majority of pores have a size in the
range of 3e17 nm, revealing that the sample contains mesoporous
structures, which is beneﬁcial to the formation of the double elec-
trode layer and the achievement of a maximum capacitance. The
majority of the pores lie in a size range of 5e11 nm.5. Electrochemical performance
The electrochemical performance of an electrode made of the
porous hollow spheres of NiO nanosheets, as prepared above, was
Fig. 4. Characterization of porous structures of NiO nanosheet hollow spheres: (a)
Nitrogen adsorption/desorption isotherm and (b) pore size distribution calculated
using the BJH method from the desorption curve.
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measurements.Fig. 5. (a) CV curves of NiO hollow spheres at various scan rates. (b) Average speciﬁc
capacitance of NiO nanosheet hollow spheres at various scan rates.5.1. Cyclic voltammetric measurements
The CV measurements were conducted in a 2 M KOH electrolyte
and a standard calomel electrode (SCE) was used as reference
electrode. The cyclic voltammograms of the electrode performed at
the scanning rates of 5, 10, 20, 50, 100 and 200mV s1 in a potential
range of 0e0.5 V are plotted in Fig. 5a. The results show the CV
curves of similar shape with an almost mirror image, which in-
dicates the pseudocapacitance originating from the redox reaction
of electrode active material. These curves are distinguished from
those of a pure electric double-layer capacitor which are almost of
an ideal rectangular shape. The CV curves in Fig. 5a are character-
ized by a distinct pair of redox peaks during the anodic and
cathodic sweeps as the result of NiO being oxidized to NiOOH
(charging) and of NiOOH reduced to NiO (discharging). It is known
that a nickel oxide pseudocapacitor in an alkaline solution relies on
charge storage in the electric double layer at the electrode/elec-
trolyte interface and in the host material through redox reactions
on the surface and hydroxyl ion diffusion [30]. The latter involves
the conversion of NiO into NiOOH at the electrode/solution inter-
face probably within several angstroms through the tunneling ofelectrons supplied from the electrode [43e47]. This appears to be
conﬁrmed by the measurements.
The potentials at which the respective oxidation and reduction
reactions take place are termed as oxidation potential (EO) and
reduction potential (ER), respectively. The relevant potential pa-
rameters determined from the measurements are summarized in
Table 1.
The electrochemical redox process of NiO involves the surface
Faradaic reactions of Ni2þ to Ni3þ during oxidation (charging) and
of Ni3þ to Ni2þ during reduction (discharging) [17,48],
NiOþ zOH#
charge
discharge
zNiOOHþ ð1 zÞNiOþ ze (3)
where z (z ¼ 0e1) represents the fraction of nickel sites involved in
the electrochemical process, and reﬂects the material utilization of
the electrode active material. As is evident from the CV curves
recorded in Fig. 5a, the peaks correspond to the redox pair of Ni2þ/
Ni3þ and the redox current intensity is quite high due to an abun-
dant surface area of NiO electrode for fast, reversible Faradaic re-
actions. Thus nanostructured porous spherical shells with sheet-
cross-linked morphology under present study should be useful as
electrode material for supercapacitors.
Detailed inspection of Fig. 5a uncovers that the cathodic sweeps
of CV curves are not completely symmetric to their corresponding
Table 1
Oxidation potential (EO), reduction potential (ER), and (EO  ER) for different NiO.
Scanning rates mV s1 EO (mV) ER (mV) EO  ER (mV)
5 348 250 98
10 364 244 120
20 376 235 141
50 421 222 199
100 455 196 259
200 499 164 335
Fig. 6. (a) Galvanostatic discharge curves of NiO hollow spheres at various discharge
current densities. (b) Average speciﬁc capacitance of NiO hollow spheres at various
discharge current densities.
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exists in the redox process [49e51]. Pseudocapacitors involving
Faradaic redox reactions have various thermodynamic and/or ion
transport barriers, which prevent the ideal reversibility from being
realized kinetically for the positive and negative sweeps. For
instance, Ohmic loss resulting from electrolyte diffusion within the
porous electrode can contribute to the kinetic irreversibility of the
redox reaction [49,52]. Electrochemical reversibility is important
for the performance of pseudocapacitors, as the occurrence of the
irreversibility reduces the reversibly accessed active surface sites
for redox reactions, resulting in power loss. The DE (EO  ER) value
from cyclic voltammograms may be used as a measure of revers-
ibility: a smaller value corresponds to better reversibility and vice
versa [52]. Among the CV curves, the highest reversibility
(DE¼ 98mV) occurs at a sweep rate of 5mV s1. An increase of scan
rates causes DE to arise and make the redox process more irre-
versible. This is clearly seen in the measured data in Table 1.
The speciﬁc capacitance (C) values of the samples may be esti-
mated from the CV curves by graphically integrating the area under
the IeV curve and then dividing it by the sweep rate v (V s1), the
mass of NiO (w) and the potential window (Va to Vc),
C ¼ 1
vwðVa  VcÞ
ZVc
Va
IdV (4)
In the above equation, I (A) is cathodic or anodic current and
DV ¼ Va  Vc (V) is the applied potential window. From the CV
curves in Fig. 5a, the speciﬁc capacitances of the NiO nanosheet
hollow sphere electrodes are calculated to be 556, 492, 388, 280,
214 and 138.6 F g1 at scan rates of 5,10, 20, 50,100 and 200mV s1.
The data are plotted in Fig. 5b. Clearly, the C is the largest at the scan
rate of 5 mV s1 and decreases in value as the scan rate increases.
Indeed, it decreases signiﬁcantly over a scan rate range of 5 mV s1
up to 100 mV s1 but the decrease slows down at a scan rate
>100 mV s1. The decrease in C with increasing scan rate for NiO
electrode is also observed in other electrode materials [52e54].
The effect of scan rate on pseudocapacitance may be explained
by the detailed transport processes associated with the electrode
kinetics. For NiO-based supercapacitors, the charge storage mech-
anism is due to a process of forming nickel oxyhydroxide (NiOOH)
by intercalating OH in oxide lattice [52], similar to a protonation
process in Ru2O3 electrode [49,53,54] and thus the diffusion
transport of OH can be very important in determining pseudo-
capacitance. The Faradaic redox process involves electron hopping
and the insertion/extraction of OH in the NiO lattice [52e54].
Nickel ions receive or release hydroxide anions (OH) during the
reduction or oxidation processes (see Eq. (3)), respectively, and the
anions exchange with electrolytes and with the electrode at the
interface. For a complete reduction reaction, the OH ions must be
transferred by diffusion from the electrolyte outside of the elec-
trode (e.g., from the separator or another electrode). On the other
hand, these anions (OH) need to transfer back, again by diffusion,
to the electrolyte outside of the electrode during oxidation. Theporous structure of the NiO electrode facilitates the diffusion
transport process. The exchange with the electrode interface in-
volves the intercalation of OH in the lattice of NiO [52]. These OH
transfer processes must be synchronized with the electron trans-
port in the electrode if an optimal electrochemical performance is
to be obtained. Since the OH transfer processes are in general
slow, they are unable to respond in time to the rapid change of
potential (or change in electron transport) during the fast reduction
and oxidation scans. Consequently, a high scan rate leads to a rapid
depletion of OH during charging (oxidation) or oversaturation of
OH during discharging (reduction) [54]. The depletion or over-
saturation of OH at the electrolyte/electrode interface makes parts
of the surface of the electrode inaccessible (or inactive) at high
chargingedischarging rates, thereby impeding the charge transfer
process and causing an increase in resistance [55,56]. By the
equivalent circuit model of a pseudocapacitor, an increase in
resistance leads to a drop in the pseudocapacitance of the NiO
electrode [54]. On the other hand, at a slower scan rate, electron
transport may be synchronized with OH transfer in rate, thereby
resulting in a lower resistance or high pseudocapacitance.
A fraction of NiO sites that has participated in the surface redox
reaction is related to the value of “z” in Equation (3), which may be
estimated from the speciﬁc capacitance by using the expression,
z ¼ CMDV=F (5)
Fig. 7. (a) Galvanostatic charge and discharge voltage proﬁles of NiO hollow spheres at
a current density of 10 A g1. (b) Average speciﬁc capacitance retention versus cycle
number of NiO hollow spheres at a current density of 10 A g1.
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of 74.692 g mol1, the Faraday constant (F, 96487 C mol1) and the
calculated speciﬁc capacitance values (C) in Fig. 5b, the “z” values
obtained at the sweep rate of 5, 10, 20, 50, 100 and 200 mV s1 are
21.35%, 19.04%, 15.01%, 10.83%, 8.28% and 5.36%, respectively. Thus,
an estimated 21.35% of sites participate in the redox reaction at a
scan rate of 5 mV s1, which are signiﬁcantly higher than the values
reported on NiO ﬁlms or similar other nano NiO structures [57].
These data suggest that within the present porous structure made
of randomly oriented nanosheets, the OH ions can move more
freely in the structure for a better yield of Faradaic reaction at a
slow scan rate. On the other hand, the OH transfer becomes slow
in catching up with the electron transport, resulting in the active
surface area being lost at a high scan rate. For instance, at
200mV s1, z¼ 5.36% or only 5.36% of the available sites participate
in the redox process. This further is consistent with the picture
developed from the standpoint of ion and electron transport pro-
cesses discussed above.
5.2. Galvanostatic measurements
The galvanostatic charge/discharge measurements were con-
ducted to test the electrochemical stability of the electrode made of
porous hollow spheres of NiO nanosheets. The galvanostatic
chargeedischarge tests of NiO electrode were performed using a
three-electrode cell, in which the NiO electrode, Pt foil and satu-
rated calomel electrode were used as the working electrode, the
counter and reference electrode, respectively. The electrolyte was a
2 M KOH aqueous solution. The galvanostatic chargeedischarge
tests of the electrode were conducted at the scanning rates of 10,
20, 25, 50, 100 and 143 A g1 with a CHI 660D electrochemical
workstation in the potential range of 0e0.5 V, where the active
substance content was 0.7 mg. Themeasured data may also be used
to understand the detailed pseudocapacitive behavior. The mea-
surements were made at various current density rates and the re-
sults are shown in Fig. 6a, where the time-variation of potential
during discharge is plotted as a function of discharge current.
Apparently, the nonlinear behavior of the galvanostatic chargee
discharge curves further conﬁrms the result from the CV mea-
surements that the charge separation in the double layer and the
redox process both contribute to the speciﬁc capacitance, a char-
acteristic of pseudocapacitor. Speciﬁcally, the double layer capaci-
tance resulting from the charge separation between the electrode/
electrolyte interface is manifested by the linear relation of the
galvanostatic charge/discharge curve for the range of 0e0.2 V. The
slope change of the chargeedischarge curve from 0.2 V to 0.5 V, on
the other hand, reveals that a good portion of capacitance comes
from the contribution of the redox reaction of NiO with the
electrolyte.
For the galvanostatic measurements, the speciﬁc capacitance Cm
(F g1) may be calculated by the following expression,
Cm ¼ I  Dt=ðDV mÞ (6)
where I (A) is the discharge current, Dt (s) the discharge time, DV
(V) the potential change during discharge, andm (g) themass of the
active material in the working electrode. The speciﬁc capacitance is
calculated to be 560, 460, 425, 330, 180 and 85.8 F g1 corre-
sponding to the discharge currents of 10, 20, 25, 50, 100 and
143 A g1, (see Fig. 6b). The speciﬁc capacitance decreases with
increasing the discharge current, which, as in the case of the CV
measurements, can be fully explained by the electron and ion
transport processes discussed above.
Fig. 7a shows the charge/discharge voltage proﬁles of the ﬁrst 10
cycles taken from galvanostatic measurements. Apparently, thecharging and discharging curves of the samples are not completely
symmetrical, which is attributed to the kinetic irreversibility of the
OH ions on the NiO nanosheet surface during the redox reaction.
Turning to the electrochemical stability of the electrode, the
speciﬁc discharge capacitance is plotted against the number of the
charge/discharge cycles for up to 1000 cycles, as shown in Fig. 7b.
The speciﬁc capacitance of the NiO electrode is maintained at
600 F g1 even at the end of 1000 cycles, which indicates that
essentially ca. 100% of their initial capacitance is retained. This
suggests that the ultrathin NiO nanosheet cross-linked porous
structure has a very little minimal structural modiﬁcation or
degradation and/or the crystallographic change during the
repeated insertion/extraction of OH ions into/from the NiO lattice
of the electrode. The morphology of these porous hollow spheres of
NiO nanosheets is capable of coping with the mechanical fatigue
associated with the surface redox reactions, which generate and
relieve stresses on the NiO lattice. It is noticed that during the ﬁrst
100 cycles, the speciﬁc capacitance increased from 560 F g1 to
600 F g1, which is attributed to the activation process of the NiO
electroactive material.
The above CV and galvanostatic testing results suggest that
these NiO hollow spheres of ultrathin nanosheets possess high
quality of relatively high speciﬁc capacitances and excellent
capacitance retention, and are suitable candidates for
Fig. 8. Ragone plot of energy density vs. power density for NiO hollow spheres
electrode.
W. Yu et al. / Journal of Power Sources 256 (2014) 440e448 447supercapacitor applications. Also, the porous hollow sphere struc-
ture of ultrathin NiO nanosheets can be particularly beneﬁcial in
the transport of OH ions for good electrochemical performance
and in maintaining structure rigidity for electrochemical stability
during the chargeedischarge cycling processes.
In comparison, as can be seen in the Ragone plot (Fig. 8), the
current work has a higher power density (24.6 kW kg1) than the
reported value (0.145e10 kW kg1) for supercapacitors in literature
[58,59]. However, the speciﬁc energy density of 19.44 W h kg1
(10 A g1) obtained in this work appears to be in the lower range of
other supercapacitors (16.7e62 W h kg1) reported in literature
[58,59].
6. Conclusions
In summary, porous hollow nanospheres (or spherical shells)
made of NiO nanosheets have been synthesized and tested for their
electrochemical performance. The material preparation involves a
two-step activation procedure and the subsequent nucleation and
growth by electroless deposition. The nanosized CPS cores, which
were synthesized in our laboratory, are ﬁrst sensitized with Sn2þ
and subsequently activated with Pd to create catalyst sites. The
catalyst sites created by this two-step activation process are further
converted into nucleation sites upon which Ni is reduced and
grown by electroless deposition to obtain a CPS@Ni coreeshell
composite nanoparticle. By calcination in air, the CPS core is elim-
inated and metallic Ni nanoshell is converted into NiO. The as-
prepared hollow NiO nanospheres (or uncored nanoshells) were
characterized by TEM, XRD and N2-absorption measurements. Re-
sults show that the nanostructured hollow nanospheres are made
of randomly oriented NiO nanosheets, forming a porous structure
with a speciﬁc surface area of 81 m2 g1 and with a mesopore size
range of 3e17 nm. The electrochemical characteristics of the elec-
trodes made of these nanostructured NiO materials were deter-
mined by the CV and galvanostatic measurements. These
electrochemical tests indicate that when used as electrodes for
supercapacitors, the NiO nanosheet hollow spheres exhibit an
improved reversible capacitance of 600 F g1 after 1000 cycles at a
high current density of 10 A g1. This suggests that these NiO
nanosheet hollow spheres have a desired porous network for high
energy density storage and an excellent electrochemical stability at
a high rate. Energy density and power density of the nano-
structured NiO materials under study are 19.44 W h kg1 and24.6 kW kg1. Analysis reveals that the good electrochemical per-
formance of these electrodes is attributed to the improved OH
transport in the porous network structures associated with the
hollow spheres of randomly oriented NiO nanosheets.Acknowledgments
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